Introduction {#s01}
============

The orientation of the mitotic spindle is a critical determinant of the axis of cell division, and thus underlies the generation of cellular diversity and maintenance of tissue organization by coordinating division orientation with respect to polarized cues ([@bib22]; [@bib38]). In polarized epithelia, symmetric cell division predominates, such that the mitotic spindle aligns within the plane of the epithelium. This particular orientation of cell division, referred to as planar division, gives rise to two identical daughter cells and allows their tight integration in the epithelial monolayer. It follows that planar alignment of the mitotic spindle ensures the maintenance of epithelial architecture and preserves barrier function ([@bib34]; [@bib52]; [@bib42]). Defects in planar division can disrupt tissue organization and may therefore lead to epithelial pathogenesis, epithelial-to-mesenchymal transition, and tumorigenesis ([@bib48]; [@bib44]; [@bib43]).

Mitotic spindle orientation relies on the polarized localization of force generators that link astral microtubules and the cell cortex. The conserved Partner of Inscuteable (Pins) complex (Gαi/Pins/Mud in *Drosophila melanogaster* and Gαi/LGN/NuMA in vertebrates) represents the core molecular machinery that controls mitotic spindle orientation during both asymmetric and symmetric cell division ([@bib22]; [@bib38]; [@bib32]; [@bib16]). During planar division in the vertebrate neuroepithelium and in mammalian epithelial culture, Pins/LGN localizes to the lateral cortex, where it binds to the membrane-anchored protein Gαi and allows for the positioning of the mitotic spindle via interaction with the microtubule-binding protein Mud/NuMA ([@bib40]; [@bib29]; [@bib71]; [@bib49]). In addition to this core machinery, in vitro studies have implicated adhesion molecules (e.g., E-cadherin, JAM-A) and polarity determinants (e.g., aPKC, Cdc42, Par-3) in the robust control of planar spindle orientation ([@bib26]; [@bib25]; [@bib51]; [@bib55]; [@bib17]; [@bib62]; [@bib23]). However, the in vivo mechanisms that spatially restrict spindle position to the plane of the epithelium remain poorly understood.

The polarity protein Discs large (Dlg), known as a neoplastic tumor suppressor in *Drosophila*, appears to have evolved as a key regulator of cell polarity and mitotic spindle orientation in multicellularity ([@bib1]). During development, Dlg and another neoplastic tumor suppressor, Scribbled (Scrib), accumulate at septate junctions and are required to establish epithelial polarity ([@bib7]). The loss of *scrib* or *dlg* in larval imaginal discs leads to a dramatic neoplastic phenotype characterized by massive disc overgrowth and the loss of epithelial organization ([@bib65]; [@bib8]). In addition, Dlg contributes to the control of mitotic spindle orientation during asymmetric cell division in sensory organ precursors and neuroblasts ([@bib4]; [@bib58]; [@bib27]). Recent reports indicate that Dlg regulates planar spindle orientation in the wing disc epithelium and the follicular epithelium ([@bib5]; [@bib43]). In the latter, Dlg directs the localization of Pins to the lateral cortex during cell division, a mechanism conserved in the chick neuroepithelium ([@bib5]; [@bib56]). By contrast, in the wing disc epithelium, although Scrib is necessary ([@bib43]), Pins appears to be dispensable for planar spindle orientation ([@bib6]), suggesting that a Pins-independent pathway may control planar spindle alignment. The precise molecular mechanism by which junction-associated Scrib and Dlg regulate the mitotic spindle in epithelia remains unclear, and it is unknown whether or not these proteins affect spindle dynamics during planar division.

Here we investigate the cellular and molecular mechanisms by which junctional tumor suppressors direct planar spindle alignment in the *Drosophila* wing disc epithelium. Live imaging analyses of mitotic cells reveal biphasic spindle movements during planar division and demonstrate that depletion of Scrib, Dlg, or Mud causes defective spindle rotation and abnormal planar orientation. Molecularly, we show that the PSD-95, Dlg, ZO-1 homology (PDZ) domains of Scrib are essential for the localization of Dlg at septate junctions in the apical mitotic zone, which is in turn required for proper spindle orientation. We further identify 14-3-3 proteins as novel interacting partners of Dlg and demonstrate their requirement in planar spindle orientation and, accordingly, in the maintenance of tissue architecture. These results suggest a new molecular pathway comprising the junction proteins Scrib and Dlg associated with Mud and 14-3-3, which collectively control planar spindle alignment in *Drosophila* imaginal disc epithelia.

Results {#s02}
=======

Dynamics of mitotic spindle movement during planar orientation in wing disc epithelial cells {#s03}
--------------------------------------------------------------------------------------------

The *Drosophila* wing imaginal disc is a pseudostratified epithelial monolayer composed primarily of elongated columnar cells. During larval stages, wing disc cells exhibit continuous cell proliferation. At the cellular level, upon initiation of mitosis, apical mitotic rounding accompanies a process of interkinetic nuclear migration ([@bib37]). The subsequent stages of cell division take place within a septate junction--delimited mitotic zone near the apical epithelial surface ([@bib37]; [@bib43]). Although planar spindle orientation requires interactions between the mitotic apparatus and spatial cues, precisely how these molecular components affect the kinetics of spindle orientation is not well understood.

To determine the dynamics of mitotic spindle movement, we first performed time-lapse imaging of cell division in ex vivo--cultured wing imaginal discs. We used a centrosome-localized GFP fusion protein (Centrosomin; Cnn-GFP) and a nuclear marker (His2Av-mRFP) to visualize the mitotic spindle poles and chromatin, respectively ([Fig. 1, A and B](#fig1){ref-type="fig"}; and Videos 1 and 2). By tracking the 3D coordinates of Cnn-GFP--positive spindle poles with a semiautomated procedure, we analyzed spindle pole movements relative to the apico-basal axis (θ; [Fig. 1 C](#fig1){ref-type="fig"}) and to the plane of the epithelium (ϕ; Fig. S1 A), allowing us to plot spindle orientation kinetics during cell division ([Fig. 1 D](#fig1){ref-type="fig"} and Fig. S1, B and C). Because Cnn-GFP localization matured during mitosis as mitotic nuclei moved to the apical region, our analysis concentrated on dividing cells at the surface of the epithelium from prometaphase until the onset of anaphase.

![**Mitotic spindle movements are randomized in Mud- and Scrib-depleted cells during planar orientation in wing disc epithelial cells. (A and B)** Time-lapse images of dividing wing disc cells expressing Cnn-GFP (green) and His2Av-mRFP (His-RFP; magenta). Representative type 1 (A) and type 2 (B) dividing cells in control wing discs (type 1, *n* = 19/45; type 2, *n* = 26/45). *xy* Projection of *z* stacks (upper panels) and vertical *xz* sections (lower panels). **(C)** To quantify mitotic spindle orientation, θ represents the angle between the spindle axis (line through spindle poles) and the apical plane (*x*,*y*). **(D)** *Z* rotation dynamics during prometaphase and metaphase for control dividing cells. Each color curve represents an individual mitotic cell (14 representative cells are shown from control, *n* = 45). **(E)** The relative *z* rotation speed for control (*n* = 45), *mud-RNAi* (*n* = 36), and *scrib-RNAi* (*n* = 35) cells. The *z* rotations were measured during the first and second halves of orientation. The expected *z* rotation speed reduction between the first and second halves diminished in *mud-RNAi* and *scrib-RNAi* cells. Error bars are SD. \*\*\*\*, P \< 0.0001; n.s., not significant (P \> 0.05) by paired two-tailed *t* test. **(F and H)** Time-lapse series of mitotic wing disc cells exhibiting aberrant anaphase spindle orientation for *mud-RNAi* (F) or *scrib-RNAi* (H). **(G and I)** *Z* rotation dynamics during prometaphase and metaphase for *mud-RNAi* (G) or *scrib-RNAi* (I). Random spindle movements were observed in both conditions. Each color curve represents an individual mitotic cell (nine representative cells are shown from each genotype: *mud-RNAi*, *n* = 36; *scrib-RNAi*, *n* = 35). Scale bars: 5 µm.](JCB_201803116_Fig1){#fig1}

Our analysis of mitotic spindle movements revealed two types of planar spindle alignment, depending on the initial spindle configuration. Dividing cells of type 1 exhibited planar orientation of the mitotic spindle from the outset of prometaphase (θ \< ±30°) and maintained planar orientation until the onset of anaphase despite minor fluctuations in θ (type 1, *n* = 19/45; [Fig. 1, A and D](#fig1){ref-type="fig"}; and Video 1). By contrast, in type 2 divisions, θ was initially out of the range of planar orientation (θ \> ±30°), and mitotic spindles progressively reoriented and aligned toward planar orientation during subsequent time points (type 2, *n* = 26/45; [Fig. 1, B and D](#fig1){ref-type="fig"}; and Video 2). Then, once spindle alignment became planar, θ remained consistent until anaphase onset ([Figs. 1 D](#fig1){ref-type="fig"} and S1 C). Notably, in both division types, the relative z rotation speed changed between the first and second halves of the orientation process ([Figs. 1 E](#fig1){ref-type="fig"} and S1 D), suggesting that mitotic spindle movements gradually converged on planar orientation. Unlike these stereotypic spindle movements along the apico-basal axis, spindle movement within the epithelial plane exhibited random distribution, and ϕ varied drastically across dividing cells (Fig. S1 B).

Together, these results suggest that planar spindle orientation in wing disc epithelial cells occurs in two phases during prometaphase and metaphase: during the first phase, both type 1 and type 2 mitotic spindles quickly orient parallel to the epithelial plane ([Figs. 1 E](#fig1){ref-type="fig"} and S1 D). During the second phase, spindle movements are less pronounced, and planar orientation is maintained. Similar biphasic spindle movements are also observed during planar division in the chick neuroepithelium ([@bib49]), suggesting that mitotic spindle movements in columnar epithelial cells may be conserved throughout evolution. Our analyses also reveal that mitotic spindle orientation can change before metaphase, even for cells initially located out of the range of planar orientation. For our remaining studies of spindle regulation, we therefore analyzed spindle orientation during late mitotic phases (anaphase-telophase).

Randomized spindle movements in Mud-, Scrib-, and Dlg-depleted cells {#s04}
--------------------------------------------------------------------

Previously reported evidence indicates that the neoplastic tumor suppressors Scrib and Dlg, as well as the spindle pole--associated factor Mud, control planar spindle alignment in the wing disc epithelium ([@bib43]). To understand how mitotic spindle movements are controlled by these molecules, we performed live imaging analyses of cell division in wing discs where *mud*, *scrib*, or *dlg* were depleted by RNAi constructs expressed under the control of the Gal4/upstream activating sequence (UAS) system. We first knocked down *mud* in the wing disc using the *nub*-*Gal4* driver (*nub-Gal4\>mud-RNAi*; HMS01458). Mud-depleted cells were not able to orient their mitotic spindle to the plane of the epithelium and exhibited random spindle movements ([Fig. 1, F and G](#fig1){ref-type="fig"}; Fig. S1 E; and Video 3). While control cells showed a directional bias of spindle movements toward planar orientation during the first half of the orienting process ([Fig. 1 D](#fig1){ref-type="fig"}), this directional bias diminished in Mud-depleted cells along with the rotation speed ([Fig. 1 E](#fig1){ref-type="fig"}), resulting in defects in planar spindle alignment (*n* = 16/36; Fig. S1 J).

We next disrupted Scrib by expressing an RNAi construct targeting *scrib* in the *nub*-*Gal4* domain (*nub-Gal4\>scrib-RNAi*; HMS01490). Importantly, these conditions do not affect epithelial architecture during the normal third-instar larval period (Fig. S2; [@bib43]), allowing us to effectively track spindle movements relative to the plane of the epithelium. Interestingly, as with *mud-RNAi*, *scrib*-knockdown cells frequently exhibited random spindle movements and failed to rotate toward planar orientation ([Fig. 1, H and I](#fig1){ref-type="fig"}; Fig. S1, F and J; and Video 4; *n* = 13/35). Furthermore, the directional bias toward planar and phase-dependent changes in rotation speed were not observed in *scrib*-RNAi cells ([Fig. 1 E](#fig1){ref-type="fig"}). To examine the role of Dlg while circumventing its requirements for epithelial organization, we used a relatively weak *dlg*-RNAi construct (*nub-Gal4\>dlg-RNAi*; JF01365) that does not alter epithelial organization (Fig. S2). Knockdown of *dlg* in the wing disc resulted in a low frequency of spindle misorientation associated with mitotic spindle dynamics similar to those observed in *scrib*-knockdown cells (Fig. S1, G--J; and Video 5; *n* = 14/102). Although a recent report using fixed samples suggested that Scrib and Dlg do not contribute to planar spindle alignment ([@bib6]), our live imaging results demonstrated that they are required for mitotic spindle movements and planar spindle orientation. These results imply that the junctional tumor suppressors Scrib and Dlg affect mitotic spindle movements in a manner similar to that of Mud, raising a hypothesis that these molecules may function together in the same pathway to control planar spindle alignment.

Junctional localization of Scrib defines the spatial localization of Dlg {#s05}
------------------------------------------------------------------------

During cell division in the wing disc epithelium, Mud accumulates at spindle poles and is also localized at the cell cortex, including the apical junctional region where both Scrib and Dlg accumulate ([Fig. 2 A](#fig2){ref-type="fig"}; [@bib43]; [@bib9]). Although Scrib colocalizes with Dlg at septate junctions ([@bib8]), how Scrib interacts with Dlg is not clearly understood.

![**Scrib PDZ domains are required for the junctional localization of Dlg and planar spindle alignment. (A)** Mud (red) localizes at spindle poles and the cortex during mitosis, including the apical septate junctions as defined by Scrib localization (green). xy Images (upper panels) and xz images (lower panels). **(B)** Domain structure of wild-type Scrib and two mutant forms. The protein product of *scrib^4^* retains only the LRR domains (ΔPDZs). *scrib^5^* retains the LRR domains along with PDZ domains 1 and 2 (ΔPDZ 3--4). E-cad, E-cadherin. **(C and D)** Quantification of mitotic spindle alignment in *scrib^5^* (C) and *scrib^4^* (D) MARCM clones. The red and green lines show the median angular deviation for mutant clones and controls, respectively. *n* indicates the number of spindles observed. *FRT82B* clones (*n* = 33) for control. \*\*\*\*, P \< 0.0001; n.s., not significant (P \> 0.05) by Kolmogorov--Smirnov test. **(E--H)** E-cadherin and Dlg localization in *scrib^5^* (E and G) and *scrib^4^* (F and H) MARCM clones, respectively. MARCM clones were generated by using *hsFLP UAS-mCD8-GFP; tub-Gal4 FRT82B tub-Gal80/TM6C* with *FRT82* recombined mutant lines. Upper panels are *xy* images; lower panels are cross sections (*xz*). Scale bars: 5 µm (A, C, and D) and 10 µm (E--H).](JCB_201803116_Fig2){#fig2}

The *Drosophila* Scrib protein contains 16 leucine-rich repeats (LRRs) and four PDZ domains. While the LRR domains are required for epithelial polarity, the PDZ domains contribute to the support of LRR and junction formation ([@bib7]). To address the precise requirements for Scrib during planar spindle orientation, we analyzed the hypomorphic alleles *scrib^4^* and *scrib^5^*, which lack all four PDZ domains and the third and fourth PDZ domains, respectively ([Fig. 2 B](#fig2){ref-type="fig"}; [@bib69]). It has been suggested that *scrib^4^* and *scrib^5^* mutant discs exhibit hyperplastic overgrowth but maintain relatively normal apicobasal polarity ([@bib69]). We generated mutant clones of *scrib^4^* and *scrib^5^* using the mosaic analysis with the repressible cell marker (MARCM) method and observed abnormal planar spindle orientation only in *scrib^4^* mutant cells ([Fig. 2, C and D](#fig2){ref-type="fig"}; and Fig. S3 A). Although overall apico-basal polarity and junctional integrity detected by E-cadherin localization were normal in cells homozygous for both alleles ([Fig. 2, E and F](#fig2){ref-type="fig"}), we found that Dlg localization was clone-autonomously reduced in *scrib^4^* mutant cells ([Fig. 2, G and H](#fig2){ref-type="fig"}). These results indicate that the effect of Scrib on spindle orientation may be attributed to reduced Dlg localization, which requires the presence of the first and second PDZ domain of Scrib. Overall, these findings suggest that Scrib is required for proper Dlg localization, which is necessary for planar orientation of the mitotic spindle.

A recent report suggests that Dlg regulates the cortical localization of Mud at tricellular junctions, which is necessary for orienting the mitotic spindle along the interphase long axis in the epithelial plane ([@bib9]). However, whether tricellular junction proteins are also required for planar spindle orientation remains unclear. Gliotactin (Gli) is the first identified tricellular junction marker in *Drosophila*, and its localization is regulated by Dlg ([@bib57]; [@bib45]). In addition to Dlg, Gli regulates Mud localization at tricellular junctions ([@bib9]), raising the possibility that tricellular junctional localization of Mud controls planar spindle orientation. To address this possibility, we disrupted Gli using two independent RNAi constructs (*nub-Gal4\>Gli-RNAi*, HM05262 and HMJ22052; Fig. S3, E--H) and found that mitotic spindles in *Gli-*RNAi wing discs exhibited normal planar orientation ([Fig. 3, A and B](#fig3){ref-type="fig"}; and Fig. S3 B). Taken together, these results suggest that Scrib and Dlg control planar spindle orientation by a mechanism distinct from the one used by tricellular junctions.

![**The canonical Pins and Hippo pathways are not required for planar spindle orientation in the wing disc. (A--G)** Quantification of mitotic spindle alignment in cells expressing *Gli-RNAi* (A and B) and (E) *hpo-RNAi* (*nub-Gal4\>RNAi*), as well as *pins^P62^* (C), *Gαi^P8^* (D), *hpo^KC202^* (F), and *wts^X1^* (G) MARCM clones. The red and green lines show the median angular deviation for experiments and controls, respectively, and *n* indicates the number of spindles observed. *nub-Gal4* (*n* = 86; A, B, and E), *FRT82B* (*n* = 33; C and G), *FRT2A* (*n* = 70; D), *FRT42D* (*n* = 46; F) for controls (Fig. S3). MARCM clones were generated using *hsFLP UAS-mCD8-GFP; tub-Gal4 FRT82B tub-Gal80/TM6C* (C and G), *yw hsFLP tub-Gal4 UAS-nlsGFP;; tub-Gal80 FRT2A/TM6B* (D), or *hsFLP UAS-mCD8-GFP; FRT42D tub-Gal80; tub-Gal4/TM6B* (F). n.s., not significant. Scale bars: 5 µm.](JCB_201803116_Fig3){#fig3}

Scrib/Dlg-mediated spindle orientation does not require the canonical Pins or Hippo pathways {#s06}
--------------------------------------------------------------------------------------------

In diverse systems, Dlg controls mitotic spindle orientation through Pins/LGN, which interacts with Gαi anchored at the plasma membrane ([@bib58]; [@bib56]). A possible role for Pins in planar cell division in the wing disc epithelium has been previously investigated ([@bib24]; [@bib15]). However, more recent work suggests that Pins is not required for the control of planar spindle orientation ([@bib6]). We therefore tested whether or not the canonical Pins pathway has a role in planar division of wing disc epithelial cells. We examined spindle orientation in *pins^p62^*-null mutant cells generated using the MARCM technique and confirmed that Pins is dispensable for planar spindle alignment in the wing disc ([Figs. 3 C](#fig3){ref-type="fig"} and S3 A). Consistent with the *pins* loss-of-function phenotype, *Gαi^P8^*-null mutant cells in the wing disc did not exhibit defects in planar spindle orientation ([Figs. 3 D](#fig3){ref-type="fig"} and S3 C). These results support a model wherein the canonical Pins complex is not required for planar spindle alignment in the wing disc epithelium.

In addition to the canonical Pins-mediated machinery, additional reports suggest that the Hippo/Warts kinase pathway controls mitotic spindle orientation in *Drosophila* ([@bib15]; [@bib28]). Warts phosphorylates Mud in vitro, which leads to the enhancement of the interaction between Pins and Mud, and knockdown of *wts* or *hpo* by RNAi in the wing disc results in abnormal spindle orientation ([@bib15]). However, our knockdown of *hpo* in the wing disc did not cause defects in planar spindle alignment (*nub-Gal4\>hpo-RNAi*, HMS00006; [Figs. 3 E](#fig3){ref-type="fig"} and S3 B). Consistent with this observation, spindle orientation in *hpo^KC202^*-null mutant clones did not exhibit abnormality ([Figs. 3 F](#fig3){ref-type="fig"} and S3 D). To further test the contribution of the Hippo pathway to planar spindle alignment, we analyzed *wts^X1^*-null mutant cell clones and found that planar orientation was not significantly impaired ([Figs. 3 G](#fig3){ref-type="fig"} and S3 A). Together, these results indicate that neither the canonical Pins complex nor the Hippo pathway is required for planar spindle alignment in wing disc epithelial cells, suggesting that a Scrib/Dlg-dependent and Pins-independent mechanism operates during this process.

*Drosophila* 14-3-3 proteins are novel Dlg interaction partners {#s07}
---------------------------------------------------------------

To identify novel components in the Scrib/Dlg-mediated pathway that controls planar spindle orientation, we used Dlg as a bait protein and performed proteomic analysis of fly embryonic samples by multidimensional protein identification technology (MudPIT; [@bib19]). From a list of potential Dlg-interacting proteins identified from MudPIT analysis, *Drosophila* 14-3-3 proteins (14-3-3ε/14-3-3ζ) were consistently enriched (Table S1). 14-3-3 proteins are adaptor molecules implicated in diverse aspects of cell division, including cell cycle regulation, maintenance of microtubules, and spindle assembly ([@bib60]; [@bib72]; [@bib20]; [@bib14]). 14-3-3 proteins were also reported to regulate mitotic spindle orientation in in vitro systems such as 3D culture of mammalian cells ([@bib25]) and an induced-polarity system in *Drosophila* cell culture ([@bib33]). Intriguingly, the *Drosophila* Interactions Database predicts that 14-3-3 proteins can interact with Mud and the centrosomal protein Cnn, both of which localize to spindle poles and affect mitotic spindle orientation ([@bib43]; [@bib50]). We therefore hypothesize that the Scrib/Dlg complex may control planar spindle orientation via interaction with 14-3-3 adaptor molecules.

We sought to test whether Dlg and 14-3-3 proteins interact in the context of the wing disc epithelium. We performed coimmunoprecipitation using the Dlg antibody and confirmed the presence of 14-3-3 proteins in the immunoprecipitate of Dlg from wild-type wing disc samples ([Fig. 4 A](#fig4){ref-type="fig"} and Fig. S4, A and B). We further conducted an in situ proximity ligation assay (PLA) to examine associations of Dlg and 14-3-3 proteins in the wing disc epithelium ([@bib59]). PLA signal spots reflect close proximity or protein--protein interactions, as confirmed by PLA between Scrib and Dlg in the wing disc ([Figs. 4 B](#fig4){ref-type="fig"} and S4 C). Notably, PLA signal between Dlg and 14-3-3 was detected at the level of the mitotic zone ([Fig. 4 E](#fig4){ref-type="fig"}). This PLA signal was reduced in the mitotic zone of *dlg*-RNAi wing discs (*nub-Gal4\>dlg-RNAi*), but not in the peripodial epithelium where *nub-Gal4* was not expressed ([Fig. 4, B--G](#fig4){ref-type="fig"}). PLA signal loci were also detected between Scrib and Mud as well as between Mud and 14-3-3 (Fig. S4, D--F). Combined, these results suggest a physical interaction between Scrib, Dlg, Mud, and 14-3-3 proteins in the wing disc epithelium.

![***Drosophila* 14-3-3 proteins interact with Dlg in the wing disc epithelium. (A)** Coimmunoprecipitation of endogenous 14-3-3 proteins and Dlg from wild-type wing disc samples. Western blots were probed with anti--14-3-3 antibody (upper lanes) and anti-Dlg antibody (lower lanes) in input and immunoprecipitates pulled down by anti-Dlg antibody. IP, immunoprecipitation. **(B--G)** PLA indicates close proximity or interactions of two proteins. PLA between Scrib and Dlg in control (*nub-Gal4/*+; B) and *dlg*-knockdown (*nub-Gal4\>dlg-RNAi*; C) wing discs. **(D)** Quantification of the number of PLA (Scrib/Dlg) spots for control (*n* = 6) and *dlg-RNAi* (*n* = 5) wing discs. PLA between 14-3-3 and Dlg in control (E) and *dlg*-knockdown (F) wing discs. **(G)** Quantification of the number of PLA (14-3-3/Dlg) spots for control (*n* = 5) and *dlg-RNAi* (*n* = 5) wing discs. Error bars are SD. \*\*, P \< 0.01 by Kolmogorov--Smirnov test. Note that PLA signals in MZ of the disc proper diminished in *dlg*-RNAi wing discs, but not in PE where *nub-Gal4* is not expressed. PE, peripodial epithelium; MZ, mitotic zone. **(H and I)** Subcellular localization of 14-3-3 proteins detected by anti--14-3-3 antibody staining. 14-3-3 proteins localize to the apical cortex and nucleus during interphase (H) and cytosol, including spindle microtubules (α-tubulin), during mitosis (I). Yellow arrows indicate metaphase cells. Scale bars: 5 µm.](JCB_201803116_Fig4){#fig4}

We next analyzed the subcellular localization of 14-3-3 proteins in the wing disc epithelium. From both direct immunofluorescence and indirect analysis of exogenously expressed HA-tagged constructs, we found that 14-3-3 proteins are broadly distributed in the cell, featuring localization at the apical cortex and nucleus during interphase, with more cytosolic localization during mitosis, overlapping with both spindle microtubules and the cell cortex ([Fig. 4, H and I](#fig4){ref-type="fig"}; and Fig. S5, A--C). By further performing live imaging using a *14-3-3ε-GFP* protein trap line, we confirmed diffuse localization with enrichment at the apical cortex during interphase followed by a broader cytosolic redistribution of 14-3-3ε-GFP during mitosis and its striking concentration in the midbody during cytokinesis (Fig. S5, D--F; and Video 6). The close association of 14-3-3 proteins with spindle microtubules may reflect their interaction. Indeed, a recent report provides evidence that 14-3-3 proteins locally activate spindle proteins in the *Drosophila* oocyte during meiosis ([@bib2]).

14-3-3 proteins are required for planar spindle alignment in wing disc epithelial cells {#s08}
---------------------------------------------------------------------------------------

The dynamic localization of 14-3-3 proteins during mitosis could reflect their functional requirement during cell division. To examine the role of 14-3-3 proteins in the developing wing disc, we generated homozygous mutant clones for the loss-of-function alleles of *14-3-3ε^j2B10^* or *14-3-3ζ^12BL^* with the MARCM method. We observed subtle but significant defects in spindle orientation in *14-3-3ε^j2B10^* mutant cells ([Fig. 5 A](#fig5){ref-type="fig"}) but did not observe abnormal spindle orientation in *14-3-3ζ^12BL^* mutant cells ([Fig. 5 B](#fig5){ref-type="fig"}). Because 14-3-3 proteins are known to work as heterodimers ([@bib21]) and *Drosophila* 14-3-3ε and 14-3-3ζ have been shown to interact directly ([@bib33]), it is possible that both 14-3-3 proteins could function either together or redundantly in controlling planar spindle orientation. To probe this possibility, we analyzed *14-3-3ε^j2B10^* mutant cells in a *14-3-3ζ^12BL^* heterozygous background (*14-3-3ζ^12BL^/+*, *14-3-3ε^j2B10^*). Strikingly, in *14-3-3ζ^12BL^/+*, *14-3-3ε^j2B10^* cells, spindle orientation became nearly random ([Fig. 5 C](#fig5){ref-type="fig"}). Furthermore, by targeting *14-3-3ζ* with expression of an RNAi-construct in *14-3-3ε^j2B10^* mutant cells (*14-3-3ζ-RNAi*, *14-3-3ε^j2B10^*), we also observed severe defects in spindle orientation ([Fig. 5 D](#fig5){ref-type="fig"}). Importantly, these *14-3-3* mutant cells in the epithelial layer do not lose epithelial polarity or junctional integrity ([Fig. 5, E and F](#fig5){ref-type="fig"}). Although 14-3-3 proteins are likely to play diverse additional roles in cellular homeostasis ([@bib30]), these results support the idea that 14-3-3 proteins cooperatively regulate proper spindle orientation in the wing disc epithelium.

![**14-3-3 proteins are required for planar spindle alignment in wing disc epithelial cells. (A--D)** Quantification of mitotic spindle alignments in *14-3-3ε^j2B10^* (A) and *14-3-3ζ^12BL^* (B) MARCM clones, as well as in *14-3-3ε^j2B10^* (C) MARCM clones in a *14-3-3ζ^12BL^* heterozygous background (*14-3-3ζ^12BL^/+*, *14-3-3ε^j2B10^*) and with coexpression of *14-3-3ζ-RNAi* (VDRC48724; *14-3-3ζ-RNAi*, *14-3-3ε^j2B10^*; D). The red line shows the median angular deviation for each mutant condition compared with controls (green). *n* indicates the number of spindles observed. *FRT82B* (*n* = 33; A, C, and D), *FRT42D* (*n* = 46; B) for controls. \*, P = 0.0171; \*\*\*\*, P \< 0.0001; n.s., not significant (P \> 0.05) by Kolmogorov--Smirnov test. **(E and F)** E-cadherin and Dlg localization in *14-3-3ε^j2B10^* (E) and *14-3-3ζ-RNAi*, *14-3-3ε^j2B10^* (F) MARCM clones, respectively. Upper panels are *xy* images; lower panels are cross sections (*xz*). **(G and H)** Depletion of 14-3-3 proteins in wing discs induces basal cell delamination associated with apoptosis. Apoptotic cells (arrows) are labeled by anti--cleaved caspase 3 or anti--cleaved death caspase 1 (DCP-1) staining in MARCM clones of *14-3-3ζ^12BL^/+*, *14-3-3ε^j2B10^* (G) and *14-3-3ζ-RNAi*, *14-3-3ε^j2B10^* (H). **(I)** Control MARCM clones expressing *p35*. **(J)** *14-3-3ε^j2B10^* MARCM clones expressing *p35* with *14-3-3ζ-RNAi* exhibit mesenchymal-like morphology. MARCM clones were generated by using *hsFLP UAS-mCD8-GFP; tub-Gal4 FRT82B tub-Gal80/TM6C* (A and C--J) or *hsFLP UAS-mCD8-GFP; FRT42D tub-Gal80; tub-Gal4/TM6B* (B). Scale bars: 5 µm (A--D) and 10 µm (E--J).](JCB_201803116_Fig5){#fig5}

As shown previously, a consequence of spindle misorientation in the wing disc epithelium is basal cell delamination, followed by apoptotic cell death ([@bib24]; [@bib43]; [@bib50]). We examined wing discs containing *14-3-3ζ^12BL^/+*, *14-3-3ε^j2B10^*, or *14-3-3ζ-RNAi*, *14-3-3ε^j2B10^* mutant cell clones and found a significant increase of apoptotic cells located at the basal side of the epithelium ([Fig. 5, G and H](#fig5){ref-type="fig"}). Consistent with an increase of apoptotic cells, after suppressing cell death by expressing the caspase inhibitor *p35*, we observed abnormal mesenchyme-like cell masses on the basal surface of the epithelium ([Fig. 5, I and J](#fig5){ref-type="fig"}). These tumor-like cell masses constitute a feature of the enforced survival of misaligned cells from the wing disc epithelium ([@bib43]; [@bib50]; [@bib41]). Together, these results suggest that 14-3-3 proteins are required for proper control of planar spindle alignment during wing disc growth and thus contribute to the maintenance of epithelial architecture by suppressing basal cell delamination via aberrant cell divisions.

To further verify a functional link between 14-3-3 proteins and the Scrib/Dlg-mediated pathway, we tested for genetic interactions. Double knockdown of *mud* and *14-3-3ε* showed an additive effect on spindle misorientation to an extent similar to that of double knockdown of *mud* and *scrib* ([Fig. 6 A](#fig6){ref-type="fig"}). We also used the *14-3-3ε^j2B10^* heterozygous background to concomitantly knock down genes with *nub-Gal4\>UAS-RNAi.* Although deleting one copy of *14-3-3ε* did not affect spindle orientation on its own, simultaneous knockdown of either *mud* or *scrib* induced more severe spindle-orientation defects than single depletion of either gene, suggesting a genetic interaction between *scrib*, *mud*, and *14-3-3ε* ([Fig. 6 A](#fig6){ref-type="fig"}). No such increase in spindle orientation defects was observed in *pins* heterozygous background or in knockdown of *pins* in the *mud-RNAi* wing disc ([Fig. 6 A](#fig6){ref-type="fig"}). The fact that reducing *14-3-3ε* gene dosage in *scrib* and *mud* RNAi backgrounds enhances spindle orientation defects implies that 14-3-3ε contributes to the control of planar spindle alignment in the wing disc epithelium with septate junction--associated proteins and Mud.

![**14-3-3 proteins genetically interact with Scrib and Mud and function as a molecular bridge between Dlg and Mud**. **(A)** Quantification of mitotic spindle alignments in different genetic backgrounds. Knockdown of *14-3-3ε* alone or the *14-3-3ε^j2B10^* heterozygous background alone (*14-3-3ε^j2B10^/+*) did not affect planar spindle orientation. Reduction of *14-3-3ε* levels by *14-3-3ε-RNAi* (HMS01229) or *14-3-3ε^j2B10^/+* in *mud-RNAi* or *scrib-RNAi* discs significantly increased abnormal spindle orientation, while reduction of *pins* levels by *pins-RNAi* (HMS01462) or *pins^P62^/+* in *mud-RNAi* did not. Data are shown as box plots (median ± quartiles). Each point represents a cell. \*, P \< 0.01; \*\*, P \< 0.001; \*\*\*, P \< 0.0001; n.s., not significant (P \> 0.05) by Kolmogorov--Smirnov test. The number of analyzed spindles is as follows: *nub-Gal4/+*, *n* = 86; *14-3-3ε-RNAi*, *n* = 58; *14-3-3ε^j2B10^/+*, *n* = 83; *mud-RNAi*, *n* = 83; *mud-RNAi+pins-RNAi*, *n* = 73; *mud-RNAi+pins^P62^/+*, *n* = 35; *mud-RNAi+14-3-3ε-RNAi*, *n* = 109; *mud-RNAi+14-3-3ε^j2B10^/+*, *n* = 128; *scrib-RNAi*, *n* = 92; *scrib-RNAi +14-3-3ε^j2B10^/+*, *n* = 68; and *mud-RNAi+scrib-RNAi*, *n* = 114. **(B--D)** PLA between Scrib and Mud in control (*nub-Gal4/*+; B), *dlg*-knockdown (C*nub-Gal4\>dlg-RNAi*; C), and *14-3-3ζ*/*14-3-3ε*-knockdown (*nub-Gal4\>14-3-3s-RNAi* as *14-3-3ε-RNAi* and *14-3-3ζ-RNAi* from [@bib54]; D) wing discs. **(E)** Quantification of the number of PLA (Scrib/Mud) spots for control (*n* = 15), *dlg-RNAi* (*n* = 12), and *14-3-3s-RNAi* (*n* = 16) wing discs. Error bars are SD. \*\*\*\*, P \< 0.0001 by Kolmogorov--Smirnov test. Scale bars: 5 µm. **(I)** Model illustrating how junctional proteins Scrib and Dlg may control planar spindle orientation by interacting with 14-3-3 proteins. 14-3-3 proteins could work as a molecular link between Dlg and Mud, which in turn interact with microtubules (purple) and motor proteins (cyan). Adherens junctions (red), septate junctions (green), spindle poles (yellow), and potential interacting proteins (small circles).](JCB_201803116_Fig6){#fig6}

Finally, we investigated potential molecular connections between Scrib, Dlg, 14-3-3s, and Mud. Because 14-3-3 proteins physically interact with Dlg, and Scrib/Dlg and Mud control mitotic spindle movement, our findings suggest a model in which 14-3-3s and Mud could detect Scrib and Dlg as cortical cues and use them to achieve planar alignment. To test this model, we applied the PLA method to genetic perturbations using *nub-Gal4\>UAS-RNAi.* Consistent with our model, when Dlg was disrupted by RNAi in the wing disc, the number of loci showing PLA signal between Scrib and Mud significantly decreased ([Fig. 6, B, C, and E](#fig6){ref-type="fig"}), Similarly, we observed a significant decrease in PLA-positive foci between Scrib and Mud in *14-3-3*-RNAi wing discs where both 14-3-3 proteins were knocked down ([Fig. 6, B, D, and E](#fig6){ref-type="fig"}), while PLA signal between Scrib and Dlg was not affected (Fig. S4, G--I). Based on these results, we propose a model wherein 14-3-3 proteins could function as a molecular bridge between Dlg and the mitotic apparatus organized by Mud during planar division of the wing disc epithelial cells ([Fig. 6 F](#fig6){ref-type="fig"}).

Discussion {#s09}
==========

This study uncovers a novel function for 14-3-3 proteins in controlling planar spindle alignment mediated by the junction-localized proteins Scrib and Dlg. Together with Mud, Scrib and Dlg regulate mitotic spindle movements during prometaphase and metaphase, and defects in this process can lead to aberrant spindle orientation. We present further evidence that Dlg localization depends on the Scrib PDZ domains, which are also necessary for planar spindle orientation. Finally, based on biochemical and genetic interactions, we propose that 14-3-3 proteins provide a molecular link between Dlg and the mitotic apparatus to control planar spindle alignment ([Fig. 6 F](#fig6){ref-type="fig"}).

Recent studies have listed several polarity and junctional molecules as regulators of planar spindle orientation; however, their exact roles in cellular processes in vivo, including dynamic spindle movements, remain elusive. In this study, using live-imaging analysis, we revealed biphasic spindle movements accompanying a directional bias toward planar orientation during wing disc cell division ([Fig. 1, D and E](#fig1){ref-type="fig"}). RNAi-mediated knockdown of *scrib* or *dlg* in the developing wing disc caused random spindle movements without affecting apico-basal polarity, as observed in *mud-*RNAi wing discs ([Fig. 1, E--I](#fig1){ref-type="fig"}; Fig. S1, G--I; and Fig. S2), suggesting that junctional proteins Scrib and Dlg control spindle rotation and restrict spindle positioning in the epithelial plane. Such biphasic spindle movements are controlled by the Gαi/LGN/NuMA complex during planar division in the chick neuroepithelium ([@bib49]). Together, these results suggest that, although distinct molecular mechanisms are used, a conserved spindle movement program underlies planar spindle orientation in epithelia across different species.

As Scrib and Dlg stay localized to the cortex during mitosis, these junctional proteins could function together as a molecular cue to orient the mitotic spindle. Scrib and Dlg often function with Lethal giant larvae (Lgl), a *Drosophila* neoplastic tumor suppressor that localizes to the basolateral cortex during interphase. In both the follicular epithelium and the wing disc epithelium, Lgl exhibits cytoplasmic relocalization during mitosis, which has been suggested to promote planar spindle orientation ([@bib3]; [@bib12]). Mechanistically, Lgl cortical release can remodel the Dlg/Lgl complex at the cortex, allowing Dlg to interact with Pins. However, recent work, together with this study, suggests that neither the removal of Lgl from the cortex nor the canonical Pins pathway is necessary for planar spindle orientation in the wing disc epithelium ([Fig. 3](#fig3){ref-type="fig"}; [@bib6]). These observations raise the following questions: how could Scrib/Dlg molecularly control mitotic spindle orientation in a Pins-independent manner, and how much conservation and diversification exist between planar orientation machineries?

Dlg is an evolutionarily conserved scaffold protein that regulates diverse aspects of cellular processes including adhesion, polarity, and spindle orientation ([@bib1]). With N-terminal PDZ domains and a C-terminal guanylate kinase domain, Dlg can bind to both cortical proteins and motor proteins, such as Pins and Khc-73, respectively ([@bib27]). In columnar-shaped *Drosophila* wing disc cells, septate junctions are mature, and septate junction--associated proteins accumulate near the apical epithelial surface where mitotic spindles align ([@bib37]). As shown in this study, septate junction--localized Scrib regulates the proper localization of Dlg, which controls planar spindle alignment in a Pins-independent manner ([Fig. 2](#fig2){ref-type="fig"}). By contrast, in the cuboidal-shaped *Drosophila* follicle cells, despite the lack of septate junctions during proliferative stages, mitotic spindles orient to the lateral cortex where septate junction--associated proteins localize ([@bib5]; [@bib12]). Accordingly, Dlg at the lateral cortex restricts Pins localization to control planar cell division, similar to the mechanism used in the chick neuroepithelium ([@bib5]; [@bib56]). It is thus tempting to speculate that the cortical localization of Dlg is a conserved feature that provides a spatial cue for dividing epithelial cells by associating with different proteins to orient mitotic spindles, depending on epithelial cell characteristics and maturity.

Our study is the first to demonstrate the requirement of 14-3-3 proteins for planar spindle alignment during epithelial cell division in vivo. In contrast to in vitro cell culture studies implicating 14-3-3 proteins in the Pins-mediated spindle orientation machinery ([@bib25]; [@bib33]), we propose a novel mechanism by which 14-3-3 proteins interact with junctional proteins to orient the mitotic spindle. We provide evidence that 14-3-3 proteins physically interact with Dlg ([Fig. 4](#fig4){ref-type="fig"}), although the direct or indirect nature of in vivo protein--protein interaction remains to be elucidated. Because 14-3-3 proteins change their localization from the cortex and nucleus during interphase to the cytoplasm during mitosis ([Fig. 4, H and I](#fig4){ref-type="fig"}; and Fig. S5), one possibility is that 14-3-3 proteins interact with motor proteins to control mitotic spindle orientation. Indeed, in *Drosophila* S2 cells, the 14-3-3ε/14-3-3ζ heterodimer interacts with the kinesin Khc-73 and a dynein cofactor NudE ([@bib33]). The cytoplasmic dynein fraction, light intermediate chain 2, interacts with both 14-3-3ε and 14-3-3ζ in HeLa cells ([@bib35]). A critical next step will be to identify additional interacting players involved in 14-3-3--mediated spindle orientation in vivo.

We propose that 14-3-3 proteins could function as a molecular link that connects the junction-associated proteins Scrib/Dlg and the mitotic apparatus ([Fig. 6 F](#fig6){ref-type="fig"}). This model is supported by the finding that knockdown of both *14-3-3s* or *dlg* results in the reduction of physical associations between Scrib and Mud ([Fig. 6, B--E](#fig6){ref-type="fig"}). We further show genetic interactions among 14-3-3s, Scrib, and Mud that affect planar spindle orientation ([Fig. 6 A](#fig6){ref-type="fig"}). Combined, our data suggest that 14-3-3s function together with Scrib and Dlg to control planar spindle alignment, providing a new insight into the control of tissue growth and homeostasis regulated by these neoplastic tumor suppressors. Given that Scrib and Dlg are conserved molecules involved in cell and tissue polarity and are implicated in epithelial diseases, future work should assess whether the same machinery controls mitotic spindle orientation in vertebrates and across diverse epithelial contexts.

Materials and methods {#s10}
=====================

Fly stocks and genetics {#s11}
-----------------------

The following stocks were used: *His2Av-mRFP* ([@bib46]); *UAS-Cnn-GFP* ([@bib36]); *14-3-3ε-GFP* (G00082; [@bib39]); Dlg--GFP (CC01936) and *Scrib-GFP* (CA07683; [@bib11]); *UAS-HA-14-3-3ε*, *UAS-HA-14-3-3ζ*, *UAS-14-3-3ε-RNAi*, and *UAS-14-3-3ζ-RNAi* ([@bib54]); *UAS-Dcr-2*; *nub-Gal4*, *UAS-mud-RNAi* (HMS01458), *UAS-scrib-RNAi* (HMS01490), *UAS-dlg-RNAi* (JF01365), *UAS-14-3-3ε-RNAi* (HMS01229), *UAS-hpo-RNAi* (HMS00006), *UAS-Gli-RNAi* (HM05262; HMJ22052), *UAS-pins-RNAi* (HMS01462), *UAS-14-3-3ζ-RNAi* (VDRC48724), and *UAS-p35*, *hsFLP UAS-mCD8-GFP; tub-Gal4 FRT82B tub-Gal80/TM6C*, *hsFLP UAS-mCD8:GFP; FRT42D tub-Gal80; tub-Gal4/TM6B*, *yw hsFLP tub-Gal4 UAS-nlsGFP;; tub-Gal80 FRT2A/TM6B* for MARCM clones; *FRT82B*, *FRT2A*, *FRT42D*, *w^1118^*, and *14-3-3ε^j2B10^* ([@bib13]); *14-3-3ζ^12BL^*([@bib10]); *scrib^4^* and *scrib^5^* ([@bib69]); *pins^p62^* ([@bib67]); *Gαi^P8^* ([@bib68]); *hpo^KC202^* ([@bib63]); and *wts^X1^* ([@bib66]). Larvae were raised and collected at 25°C. MARCM mutant clones ([@bib31]) were generated with a 1-h heat shock between 48 and 72 h after egg lay, except for the *14-3-3ζ-RNAi*, *14-3-3ε^j2B10^* mutant, in which a 1-h heat shock was induced between 96 and 108 h after egg lay.

Immunofluorescence and image analysis {#s12}
-------------------------------------

The following antibodies and dyes were used for fixed tissue imaging: rabbit anti--phospho-Histone H3 (1:1,000; 06-570; Millipore), mouse anti--phospho-Histone H3 (1:2,000; 05-806; Millipore), mouse anti--γ-tubulin (1:1,000; T6557; Sigma-Aldrich), mouse anti--α-tubulin (1:1,000; T9026; Sigma-Aldrich), rabbit anti--cleaved caspase-3 (1:500; 9661; Cell Signaling Technology), rabbit anti--cleaved death caspase-1 (Asp216; 1:200; 9578; Cell Signaling Technology), mouse anti-Mud (1:50; F. Matsuzaki, RIKEN, Kobe, Japan), rabbit anti-Scrib (1:5,000; C. Doe, University of Oregon, Eugene, OR), mouse anti-Gli (1:100; V. Auld, The University of British Columbia, Vancouver, Canada), mouse anti-Dlg (1:200; 4F3; Developmental Studies Hybridoma Bank), rat anti-ECAD (1:50; DCAD2; Developmental Studies Hybridoma Bank), rabbit anti--14-3-3 (1:200; 51-0700; Invitrogen), rat anti-HA (1:200; 3F10; Roche), fluorescent secondary antibodies 488, 555, and 647 (1:500; Invitrogen), Alexa Fluor Phalloidin 488 and 546 (1:500; Invitrogen), and Hoechst 33342 (2 µM; Thermo Fisher Scientific). Confocal images were collected with a 63× 1.30-NA glycerol or 40× 1.25-NA oil objective lens on an SP5 AOBS confocal microscope system (Leica Microsystems).

For quantification of polarity and junctional marker proteins in *scrib* or *dlg*-RNAi wing discs in Fig. S2, projection images of the series of cross sections (xz image) were used (projection of 10 slices, 1 µm per slice). The fluorescent intensity of aPKC or E-cadherin antibody staining along the apical surface of the wing disc (pouch, the first fold, and the second fold) was measured using Fiji.

For mitotic spindle orientation measurement, we followed the procedure described previously ([@bib43]). For the live imaging of ex vivo--cultured wing discs, detailed steps of mounting procedures were described in a previous report ([@bib53]). Wing discs were dissected in PBS and cultured in fly medium in which 2% FBS (Gibco) and 0.5% penicillin-streptomycin (Gibco) were added in Shields and Sang M3 Insect Medium (Sigma-Aldrich); time-lapse images were collected with a 63× 1.20-NA water objective lens at 1- or 2-min intervals.

Semiautomated spindle movement analysis {#s13}
---------------------------------------

Time series of individual wing discs were analyzed in Imaris (Bitplane). For each pair of centrosomes, a "Spots" object was created, and each centrosome was tracked manually from just before arrival at the top of the epithelium to the time point just after division. 3D vision glasses were used to verify Imaris's selection of the brightest z position for the point selected. Dividing cells were chosen such that the z axis of the microscope was perpendicular to the plane of the epithelium at that point, corresponding generally to the central region of the disc. Track positions, converted to micrometers in Imaris, were exported and processed in Matlab (MathWorks). There, individual tracks were converted to displacements for each time point: $\Delta{\overset{\rightarrow}{r}}_{t} = {\overset{\rightarrow}{r}}_{C1,t} - {\overset{\rightharpoonup}{r}}_{C2,t}$. Next, the angle relative to the epithelium was calculated using Matlab's Cartesian to spherical coordinate system formula and converted to degrees:$$Angle = \frac{a\tan 2\left( {\Delta r_{z},\sqrt{\Delta r_{x}^{2} + \Delta r_{y}^{2}}} \right)}{\pi} \times 180{^\circ}.$$Trajectories were then plotted, synchronizing the time point at which centrosomes became visible.

Preparation of protein complexes from fly embryos {#s14}
-------------------------------------------------

Fly embryos (*w^1118^*, *Dlg-GFP*, or *Scrib-GFP*) were lysed with lysis buffer (25 mM Tris-HCl, 150 mM EDTA, 1% NP-40, 5% glycerol, 1 mM DTT, and 1× protease inhibitor). Debris was removed by centrifugation, and extracts were preincubated with Dynabeads Protein G (Invitrogen) for 1 h to reduce nonspecific binding to the beads. Immunocomplexes were formed by incubation for 2 h with Dlg antibody--conjugated magnetic beads or GFP-nanobody (GFP-Trap_MA; ChromoTek). Immunocomplexes were washed with wash buffer (25 mM Tris-HCl and 150 mM EDTA), eluted with elution buffer (50 mM glycine, pH 2.5, and 150 mM NaCl), and then neutralized with Tris-HCl, pH 9.5. Two biological replicates of Dlg immunoprecipitations (and their corresponding negative controls without antibody) and two GFP immunoprecipitations from flies expressing either Dlg-GFP or Scrib-GFP (and their negative GFP immunoprecipitation control) were analyzed by MudPIT mass spectrometry ([@bib19]).

MudPIT analysis {#s15}
---------------

TCA-precipitated protein eluates were urea denatured, reduced, alkylated, and digested with endoproteinase LysC followed by trypsin. The peptide mixtures were loaded onto microcapillary fused silica columns (100-µm internal diameter), placed in-line with an Agilent 11000 quaternary pump, and analyzed by a 10-step MudPIT on linear ion traps. Tandem mass spectrometry datasets were searched using SEQUEST ([@bib18]) against a *Drosophila* database (National Center for Biotechnology Information, 2012-03-08 release) containing 18,564 nonredundant proteins and 177 usual contaminants (human keratins, IgGs, and proteolytic enzymes). To estimate false discovery rates, the amino acid sequence of each nonredundant protein was randomized and searched at the same time. Peptide/spectrum matches were sorted and selected using DTASelect ([@bib61]) with the following criteria set: spectra/peptide matches were retained only if they had a DeltCn of ≥0.8, and minimum XCorr of 1.8 for singly, 2.5 for doubly, and 3.5 for triply charged spectra. Additionally, the peptides had to be a minimum of seven amino acids in length and fully tryptic. The false discovery rates were 0.5 ± 0.3 and 1.3 ± 0.8 at the peptide and protein levels, respectively. Peptide hits from multiple runs were compared using CONTRAST ([@bib61]). Distributed normalized spectral abundance factors were used to estimate relative protein levels ([@bib70]). Proteins significantly enriched in the three Dlg replicate immunoprecipitations but not in control samples (Table S1) were determined using the Power Law Global Error Model signal-to-noise method ([@bib47]). The mass spectrometry dataset has been deposited to the ProteomeXchange (<http://www.proteomexchange.org/>; [@bib64]) and is available with accession number PXD011016.

Immunoprecipitation {#s16}
-------------------

1,200 wing discs were dissected from third-instar larvae and homogenized in chilled lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 0.5% NP-40), supplemented with 1× protease (cOmplete tablets, mini EDTA-free; Roche) and phosphatase (PhosSTOP; Roche) inhibitors. The extract was spun at 14,000 *g* at 4°C for 15 min. 10% of the lysate was removed for the input. The lysate was halved and incubated with either mouse anti-Dlg (1 µg; 4F3; Developmental Studies Hybridoma Bank) or mouse IgG1 isotype control (1 µg; 5415; Cell Signaling Technology) conjugated Dynabeads Protein G (Invitrogen) cross-linked with BS^3^ (Invitrogen) at 4°C overnight, with rotation. Beads were then washed three times in lysis buffer and eluted in 30 µl of 2× sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA, and 0.02% Bromophenol Blue) at 70°C for 10 min. Eluted proteins were denatured at 95°C for 5 min with 12.5 mM DTT before Western blotting.

Western blotting {#s17}
----------------

Indicated samples were fractionated by SDS-PAGE gel electrophoresis in mini-PROTEAN 4--20% gradient gels (Bio-Rad). Protein was transferred to PVDF according to the manufacturer's protocols (Bio-Rad). After blocking with 5% nonfat milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.5% Tween 20) for 1 h, the membrane was probed with primary antibodies, rabbit anti--14-3-3 pan (1:200; 51-0700; Invitrogen) and mouse anti-Dlg (1:1,000; 4F3; Developmental Studies Hybridoma Bank). Secondary HRP-conjugated antibodies, goat anti-rabbit (1:10,000; 111-035-003; Jackson ImmunoResearch) and goat anti-mouse (1:10,000; A10668; Invitrogen), were used for detection using SuperSignal West Dura (Thermo Fisher Scientific). Blots were exposed to film (Hyperfilm MP; GE Healthcare) to generate images using a film processor (X-OMAT 200A; Kodak).

In situ PLA {#s18}
-----------

In situ PLA was performed using the Duolink In Situ PLA reagents (Sigma-Aldrich) and with slight modifications to the manufacturer's protocol (<https://www.sigmaaldrich.com/technical-documents/protocols/biology/duolink-fluorescence-user-manual.html#fluorescence>). Dissected larval carcasses including wing discs were fixed with 4% PFA, washed with PBT (PBS with 0.1% Triton X-100) three times for 20 min each, and blocked with the Duolink Blocking Solution for 30 min at 37°C. The carcasses were incubated with primary antibodies against two proteins of interest in PBT overnight at 4°C. The following antibodies were used: mouse anti-Dlg (1:200; 4F3; Developmental Studies Hybridoma Bank), mouse anti-Mud (1:50; F. Matsuzaki), rabbit anti-Scrib (1:5,000; C. Doe), and rabbit anti--14-3-3 (1:200; 51-0700; Invitrogen). The carcasses were washed twice with 1× wash buffer A for 5 min each and incubated with PLA probes anti-Mouse Plus (1:5; DUO92001; Sigma-Aldrich) and anti-rabbit MINUS (1:5; DUO92005; Sigma-Aldrich) diluted in the Duolink Antibody Diluent for 1 h at 37°C. The carcasses were then washed twice with 1× wash buffer A for 5 min each and incubated in ligation solution for 30 min at 37°C. After washing twice with 1× wash buffer A for 2 min each, the carcasses were incubated in amplification solution for 100 min at 37°C. The carcasses were washed twice with 1× wash buffer B for 10 min each and washed with 0.01× wash buffer B for 1 min. The stained samples were incubated with Duolink In Situ Mounting Medium with DAPI overnight at 4°C and stored until mounting wing discs on the slides. Confocal images were collected with a 63× glycerol objective lens on the SP5 AOBS confocal microscope system.

For quantification of PLA signals, the number of PLA spots was divided by an area (30-µm square) in the mitotic zone of the wing disc proper. The "analyze particles" function of Fiji was used to automatically count PLA spot numbers (size of the particle: 0.10 to infinity).

Original data {#s19}
-------------

Original data underlying this manuscript can be accessed from the Stowers Original Data Repository at <https://www.stowers.org/research/publications/libpb-1419>.

Online supplemental material {#s20}
----------------------------

Fig. S1 (related to [Fig. 1](#fig1){ref-type="fig"}) shows xy and z rotation dynamics of mitotic spindle movements for control as well as z rotation dynamics for *mud-RNAi*, *scrib-RNAi*, and *dlg-RNAi.* Fig. S2 shows quantification of apico-basal polarity and junctional protein localization in wing discs expressing *scrib-RNAi* or *dlg-RNAi*. Fig. S3 (related to [Fig. 3](#fig3){ref-type="fig"}) shows spindle orientation in controls and validation of *Gli-RNAi*. Fig. S4 shows original Western blots in [Fig. 4 A](#fig4){ref-type="fig"} and also shows results of PLA (Scrib/Dlg, Scrib/Mud, and 14-3-3/Mud). Fig. S5 (related to [Fig. 4](#fig4){ref-type="fig"}) shows subcellular localization of 14-3-3 proteins in the wing disc. Table S1 (related to [Fig. 4](#fig4){ref-type="fig"}) lists the proteins copurified with Dlg or Scrib, immunoprecipitated from fly embryos, and analyzed by MudPIT mass spectrometry. Videos 1--5 show mitotic spindle movements of dividing control (Type 1: Video 1, related to [Fig. 1 A](#fig1){ref-type="fig"}; Type 2: Video 2, related to [Fig. 1 B](#fig1){ref-type="fig"}), *mud-RNAi* (Video 3, related to [Fig. 1 F](#fig1){ref-type="fig"}), *scrib-RNAi* (Video 4, related to [Fig. 1 H](#fig1){ref-type="fig"}), or *dlg-RNAi* (Video 5, related to Fig. S1 G) cells expressing Cnn-GFP and His2Av-mRFP. Video 6 (related to Fig. S5 F) shows localization of 14-3-3ε-GFP in dividing wing disc cells.
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